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consequence	of	 this	 large	differential,	when	 the	 total	 population,	or	overall	 scale,	
declined	to	within	a	standard	deviation	of	this	mean	cod	spawning	group	quantum,	or	




spawning	 population	 to	within	 7%	 of	 the	 independent	NOAA	 estimate	 for	 2006.	
These	results	may	be	relevant	to	other	oceanic	fish.
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tional	 survey	methods	 (Berdahl,	Westley,	 Levin,	 Couzin,	 &	Quinn,	
2016;	 Klemas,	 2013;	 Ritz,	 Hobday,	 Montgomery,	 &	 Ward,	 2011;	
Stock	et	al.,	2011).	This	has	often	made	it	challenging	to	study	the	
natural	 group	behavioural	processes	of	many	oceanic	 fish	popula-




species	 are	 known	 to	 gather	 in	 immense	 groups	 during	 spawning	
(Pitcher,	 1986;	Rose,	 1993),	where	 the	 term	 “fish	 groups”	 as	 used	
here	follows	the	definition	of	“fish	shoals”	as	“groups	of	fish	which	
remain	 together	 for	 social	 reasons”	 (Pitcher,	 1986).	 Here,	 we	 use	
ocean	acoustic	waveguide	remote	sensing	(OAWRS),	which	provides	
instantaneous	 continental-	shelf-	scale	 population	 density	 imagery	
(Jagannathan	 et	al.,	 2009;	 Makris	 et	al.,	 2006,	 2009),	 in	 conjunc-
tion	 with	 conventional	 methods	 to	 investigate	 group	 behaviour	
of	Atlantic	cod	 (Gadus morhua)	 in	 the	Nordic	Seas	during	the	main	
spawning	periods.









made	 it	possible	 to	quantify	entire	spawning	groups	 (Makris	et	al.,	
2009;	Wang	 et	al.,	 2016;	 Yi,	 Gong,	 Jech,	 Ratilal,	 &	Makris,	 2018).	
Quantification	 of	 the	 instantaneous	 horizontal	 morphologies	 of	











et	al.,	 2006,	 2009;	 National-	Research-	Council	 et	al.,	 2015;	 Wang	
et	al.,	2016).
Both	 Atlantic	 cod	 and	 Atlantic	 herring	 are	 major	 oceanic	
fish	 species	 that	 are	 extremely	 important	 to	 ocean	 ecosystems.	
Atlantic	 cod	 is	 of	 the	 fish-	feeding	 Gadidae	 family	 of	 top	 level	
predators.	In	contrast,	Atlantic	herring	is	of	the	plankton-	feeding	
Clupeidae	 family	 of	 keystone	 species	 that	 are	 prey	 to	 many	
other	 fish,	 marine	 mammals	 and	 birds.	 Both	 families	 are	 found	
throughout	 the	 world’s	 oceans	 and	 are	 important	 in	 circulating	
biomass	 between	 open	 ocean	 and	 coastal	waters	 via	 feeding	 to	
spawning	cycles.	Both	families	are	extremely	important	economi-
cally	and	as	a	human	food	source	(Duarte	et	al.,	2009;	FAO,	2013),	
as	 are	many	of	 the	most	 abundant	oceanic	 fish	 species.	Atlantic	







Ignisca,	 Yi,	 Ratilal,	 &	 Makris,	 2013;	 US-	Senate,	 2011).	 Various	




2  | MATERIAL S AND METHODS
We	 acquired	 instantaneous	 areal	 population	 density	 images	
of	Atlantic	 cod	 spawning	groups	over	wide	areas	 in	 the	Nordic	
Seas	during	February	 and	March	of	2014	with	 an	OAWRS	sys-
tem	configuration	where	the	vertical	source	array	and	horizon-
tal	 receiving	 array	 were	 towed	 from	 a	 single	 research	 vessel,	
RV	Knorr.	Wide	area	scattering	strength	images	were	produced	
by	 beamforming,	 matched	 filtering	 and	 charting	 the	 received	
OAWRS	 returns	 and	 then	 correcting	 for	 transmission	 loss	
(Andrews,	Gong,	&	Ratilal,	2009;	Gong	et	al.,	2010;	Jagannathan	
et	al.,	2009;	Makris	et	al.,	2006,	2009;	Naftali	&	Makris,	2001).	
Linear	 frequency	 modulated	 (LFM)	 source	 waveform	 transmis-
sions	 of	 50	Hz	 bandwidth	 and	 1-	s	 duration	 centred	 at	 955	Hz	
were	used	for	the	OAWRS	cod	measurements	presented,	which	
are	 above	 but	 within	 a	 decade	 of	 the	 expected	 swimbladder	
scattering	 resonance	 frequencies	 (Blaxter	&	Batty,	1990;	Gong	
et	al.,	 2010;	 Jagannathan	 et	al.,	 2009;	 Jain	 et	al.,	 2013;	 Love,	
1978;	Løvik	&	Hovem,	1979;	Zhang,	Liu,	Ratilal,	Cho,	&	Makris,	
2017)	 of	 spawning	 cod	 in	 this	 region.	 Scattering	 strength	 was	













population	 density	 estimate	 and	 not	 the	 relative	 levels	 or	 fish	
group	morphology.	 The	 resulting	 population	 density	 estimates	
are	 consistent	 with	 those	 independently	 determined	 for	 the	




below	which	 the	 data	 are	 contaminated	 by	 seafloor	 scattering	
mechanisms	 (Jagannathan,	 Küsel,	 Ratilal,	 &	 Makris,	 2012;	 Jain	
et	al.,	 2013;	Makris	&	Ratilal,	 2001).	A	 five-	octave	horizontally	
towed	 line	array	 towed	at	depths	between	45	m	and	60	m	was	






sands	 of	 independent	 pixels	 since	 the	 OAWRS	 system	 has	 15-	m	
range	 resolution,	 and	 forms	 at	 least	 64	 independent	 horizontal	
beams,	 spanning	 ranges	 of	 many	 tens	 of	 kilometres.	 The	 angu-
lar	 resolution	of	 any	 beam	away	 from	endfire	 varies	 as	 λ/L	 cos	θ,	
where λ	is	the	acoustic	wavelength,	L	is	the	receiver	array	aperture	
length	 and	 θ	 is	 the	 horizontal	 angle	 from	 array	 broadside	 (Gong	
et	al.,	 2010;	 Jagannathan	 et	al.,	 2009;	 Makris	 et	al.,	 2006).	 This	
angular	 resolution	 is	 enhanced	by	a	 statistically	optimal	deconvo-
lution	of	 the	beamformed	OAWRS	data	 (Jain	&	Makris,	 2016).	 To	
reduce	 the	 intensity	 standard	 deviation	 resulting	 from	 Gaussian	
field	fluctuations	(Makris,	1995,	1996)	inherent	in	acoustic	sensing	
of	 oceanic	 fish	 groups	 from	waveguide	 transmission	 and	 scatter-
ing	(Andrews,	Gong,	&	Ratilal,	2011;	Chen,	Ratilal,	&	Makris,	2005;	
Ratilal	&	Makris,	 2005),	 averaging	of	 consecutive	OAWRS	 images	
within	a	 few	minutes	was	employed,	 leading	 to	a	population	den-
sity	standard	deviation	of	roughly	1	dB	or	25%	(Andrews,	Chen,	&	












spatially	 interpolating	between	 line	 transects	 for	 each	 annual	 sur-
vey	and	segmenting	regions	at	and	above	an	empirically	determined	
group	boundary	 threshold	density	 independently	determined	by	a	
number	of	 approaches	using	both	 line-	transect	 and	OAWRS	mea-
surements	(Appendix	S1).
The	 critical	 population	 density	 threshold	 characterizing	 the	
boundary	 of	 a	 cod	 shoal	 was	 consistently	 determined	 to	 be	
0.016	fish/m2	 by	 a	 number	 of	 independent	methods	 including:	 (a)	
least	squares	estimation	with	decades	of	 line-	transect	survey	data	
of	cod	in	the	Northeast	Arctic	spawning	ground;	(b)	segmenting	re-
gions	 of	 high	 population	 density	 and	 gradient	 in	OAWRS	 images;	
(c)	 segmenting	 regions	 of	 high	 population	 density	 and	 gradient	 in	
corresponding	 high-	resolution	 line-	transect	 vertical	 echosounder	





















We	 measured	 the	 instantaneous	 2-	D	 horizontal	 morphologies	
of	 entire	 vast	 Atlantic	 cod	 groups	 extending	 for	 tens	 of	 kilome-
tres	 in	 length,	covering	 thousands	of	square	kilometres	and	con-
taining	millions	 of	 individuals,	which	 to	 our	 knowledge	 have	 not	
been	 previously	 observed.	 These	 measurements	 were	 of	 the	
Northeast	Arctic	 cod	 population	 in	 its	 primary	 spawning	 ground	
off	 the	 coast	 of	 Lofoten	Norway,	 during	 the	 2014	 spawning	 pe-
riod	using	OAWRS	(Figure	1).	The	largest	spawning	group	we	ob-
served	 spanned	 roughly	40	km	 in	diameter,	 nearly	1/2	degree	 in	
latitude,	and	was	populated	by	at	least	40	million	cod	(Figure	1b).	
It	was	found	at	the	southern	end	of	the	Lofoten	spawning	ground	
where	 the	 densest	 concentrations	 surrounded	 the	 Island	 Røst.	
Here,	 the	cod’s	preferred	water	depths	of	100	±	20	m	 (Appendix	
S1)	approached	rising	seafloor	about	the	island	that	curtailed	fur-
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of	roughly	1–2	days	and	were	not	associated	with	specific	bathy-
metric	features.
We	 find	 that	 the	mean	 group	 population	 per	 annual	 spawn-







qi	=	10.6	million	 cod	 with	 a	 standard	














size	measured	in	the	 ith	year.	 In	contrast,	 larger	variations	in	the	
total	 annual	 spawning	 population	 with	 a	 standard	 deviation	 of	




pre-	industrial	 levels	 (Figure	4),	 the	mean	 spawning	 group	 size	of	
11.1	million	cod	with	a	standard	deviation	of	25%	has	insignificant	
difference	 from	 that	 of	 the	 30-	year	mean.	 The	 areal	 population	
density	of	cod	groups	was	also	found	to	be	relatively	stable	with	
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echo	 sounding	 data.	 The	 annual	 mean	 areal	 density	 was	 found	
to	range	between	0.03	and	0.09	fish/m2	based	on	a	combination	





processes	 that	depend	on	many	 independent	 factors	 like	 those	of	
the	 spawning	 cod	 groups	 in	 the	 Lofoten	 area	 (Blott	&	 Pye,	 2001;	
McCave,	 1984;	Wu,	 1985).	 The	 log-	normal	 density	 parametrically	
depends	only	on	the	mean	and	standard	deviation	of	group	size	s. 
















=2q	 ,	 where	 q	 is	 the	











ance of ln s	 is	휇2
2
(q,휎)= ln [1+ (휎∕q)2]	 as	 shown	 in	 Figure	5a.	 Time	









a mean of 2q	 and	 a	 standard	deviation	of	35%,	 indicating	 relative	
stability	over	the	years	(Figure	5b).	Since	the	mid-	2000s,	when	the	
Northeast	 Arctic	 cod	 population	 returned	 to	 pre-	industrial	 levels,	
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4  | DISCUSSION
Pre-	industrial	hindcasts	 for	 the	19th	century	combined	with	avail-
able	 data	 over	 roughly	 the	 last	 century	 indicate	 that	 the	 total	










spawning	 group	 quantum	 found	 at	 pre-	industrial	 levels,	 which	 is	
many	times	smaller.


















F IGURE  5  (a)	Histogram	of	cod	spawning	group	size	in	the	Northeast	Arctic	spawning	ground	of	Lofoten	Norway	over	30	years	from	
1984	to	2014	after	log	transformation.	The	abscissa	is	( ln s−휇1)∕휇2 where s	is	measured	cod	group	size,	q	is	the	measured	mean	(10.6	million	









































pling	 (NEFSC,	 2012)	 and	 the	 1.63	 billion	 estimate	 independently	
obtained	by	summing	the	daily	spawning	group	populations	over	the	
peak	 spawning	 period	 from	 a	 single	 instantaneous	OAWRS	 image	
each	day	(Figure	6b).
We	 find	 the	 daily	 spawning	 group	 population	 of	 204	 million	
Atlantic	herring	on	average	to	be	relatively	stable	with	a	standard	de-
viation	of	35%	of	the	mean	over	the	peak	spawning	period	(Figure	6b).	












































similar	 (McBride	 et	al.,	 2015).	 Time	 series	 of	 the	 total	 Atlantic	
cod	 spawning	population	 for	major	 spawning	 regions	across	 the	
North	Atlantic	(Figure	7)	show	that	once	the	total	spawning	pop-
ulation	declined	 to	within	a	 standard	deviation	of	 the	mean	cod	
spawning	 group	 size	 quantum	 derived	 for	 the	 Northeast	 Arctic	
population	 at	 pre-	industrial	 levels,	 return	 of	 the	 total	 spawning	
population	 to	 pre-	industrial	 levels	 did	 not	 occur	 in	 that	 region	
even	after	decades,	as	quantified	 in	more	detail	 in	Appendix	S3.	
This	is	apparently	a	consequence	of	the	large	difference	between	
any	 total	 pre-	industrial	 spawning	 population	 and	 the	 standard	




knowledge,	 no	other	 quantification	of	 the	mean	 size	of	Atlantic	
herring	 spawning	 groups	 is	 available	 for	 populations	 at	 or	 near	
pre-	industrial	levels.	To	continue	the	discussion,	the	mean	spawn-
ing	 group	 size	measured	 for	Georges	 Bank	 herring	 here	 is	 then	
used	 as	 the	 only	 available	metric	 for	 the	 nominal	mean	 spawn-
ing	group	size	of	herring	at	pre-	industrial	 levels	when	examining	
spawning	population	 time	series	at	other	 locations	 in	 the	North	
Atlantic.	Time	series	of	the	Atlantic	herring	spawning	population	
for	major	spawning	grounds	across	 the	North	Atlantic	 (Figure	8)	
show	 that	when	 total	 spawning	 population	 declined	 to	within	 a	
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We	 are	 unaware	 of	 any	 previous	 multi-	decadal	 quantification	







Regardless	of	 the	mechanisms	 that	 lead	 to	 the	distribution	of	a	
spawning	 population	 into	 many	 distributed	 groups,	 which	 are	 not	
completely	understood,	such	diversification	may	 increase	the	prob-
































individual,	 evolutionary	 pressures	 favour	 individuals	 that	 develop	
traits	aligned	with	stable	and	reliable	means	of	survival.
5  | CONCLUSIONS
We	have	 investigated	 the	wide-	area	 group	behavior	 of	 spawning	
Atlantic	 cod	 by	 obtaining	 first-	look	 images	 of	 the	 instantaneous	
population	 density	 of	 entire	 cod	 spawning	 groups	 stretching	 for	
tens	of	kilometres	 in	 the	Nordic	Seas	by	a	combination	of	Ocean	
Acoustic	Waveguide	Remote	 Sensing	 (OAWRS)	 and	 conventional	
acoustic	methods.	With	the	structural	information	obtained	in	this	
manner	about	entire	spawning	groups	and	their	boundaries,	it	was	






in	 the	Nordic	 Seas.	 Total	 annual	 spawning	 populations	 of	 cod	 in	
the	Nordic	Seas	are	found	to	distribute	into	many	vast	behavioural	
















decades.	 This	 is	 consistent	 with	 reported	 coincidences	 between	











spawning	period,	with	 less	 than	one	hour	of	 conventional	 acous-
tics	 for	 calibration,	 enabled	 accurate	 enumeration	 of	 the	 entire	
Georges	 Bank	 herring	 spawning	 population	 to	 within	 7%	 of	 the	
independent	NOAA	 Fisheries	 estimate	 for	 2006,	which	 required	
weeks	 to	months	of	 conventional	 sampling,	 suggesting	 that	 such	
an	approach	may	have	future	potential	for	population	assessment.
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